The increasing diversity of reactions mediated by biocatalysts has led to development of multi-step in vitro enzyme cascades, taking advantage of generally compatible reaction conditions. The construction of pathways within single whole cell systems is much less explored, yet has many advantages. Herein we report the generation of a successful whole cell de novo enzyme cascade for the diastereoselective and/or enantioselective conversion of simple, linear keto acids into valuable cyclic amine products. The pathway starts with carboxylic acid reduction that triggers a transamination, imine formation and subsequent imine reduction. Construction and optimization of the system was achieved by standard genetic manipulation and the cascade required only starting material, amine donor and whole cell catalyst with cofactors provided internally by glucose metabolism. A panel of synthetic keto acids provided access to piperidines in high conversions (up to 93%) and ee (up to 93%).
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The exploitation of synthetic biology methodologies to produce pharmaceutically and industrially relevant synthetic products, using the design principles of biosynthetic retrosynthesis, 1-3 is a highly promising method for chemical synthesis. The ever-expanding biocatalytic toolbox presents an opportunity to design and build cascades that have no biological origin for the production of high value chemicals. A number of enzymatic cascades have been described during the past several years 4-13 although very few have been used as single whole cell biocatalysts, until recently [14] [15] [16] [17] [18] [19] [20] . Whereas natural biosynthetic pathways have evolved to be biocompatible, de novo synthetic cascades can potentially raise problems in whole cells, such as generation of bioreactive intermediates, metabolic degradation, transport issues through membranes, heavy cofactor requirements and control of activity of the individual biocatalysts. Although these issues make development of whole cell systems more complex, the overall benefit of having a single (whole cell) biocatalyst that potentially provides biochemical cofactors by glucose metabolism makes cascades in single cells very attractive. Here, we describe the development of a four-enzyme, four-step cascade that was chosen as it allows for the synthesis of high value chiral amines from easily accessible keto acids. The cascade also challenges existing whole cell systems by generating a reactive aldehyde intermediate and by (multi)-stoichiometric requirements for intracellular cofactors ATP and NAD(P)H.
The Design-Build-Test-Analyze (DBTA) cycle 21 was adapted to the generation of novel whole cell in vivo biocatalytic cascades as outlined in Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of cascade proteins and (5) testing the system by screening of each whole cell system against appropriate substrate(s). Using this workflow, a variety of pathway scenarios can be quickly tested without need for enzyme isolation and purification and the most successful whole cells taken through to process optimization.
Figure 1.
Overview of the Design-Build-Test workflow for the generation of de novo enzyme cascades in whole cell systems. The design follows the principles of biocatalytic retrosynthesis with the catalyst then built at the genetic level and directly tested as a whole cell system. Results from the test phase are fed back to the design and the cycle is repeated until the desired whole cell catalyst is generated. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 pressures or undesirable solvent systems, 24 and frequently results in the production of unwanted intermediate racemates. 24 As such, a facile enzymatic route to these scaffolds, in particular chiral piperidine derivatives, is of great interest. 23, 24 Disconnecting the target piperidine structures through a biocatalytic retrosynthetic approach To assess the activity range of this in vivo cascade several commercially available, or readily synthesized, keto acid substrates (1a-e) were screened against the cells harboring pLH01-08.
It was envisaged that the use of a single whole cell acting as a biocatalyst would eliminate the need to supplement the reactions with expensive exogenous cofactors (NAD(P) + , PLP), cofactor regeneration systems, 5 or an external driving force for the ω-TA reaction (lactate dehydrogenase, LDH). 36 Although glucose is present in all respiring cells, it was expected that supplying additional glucose would be required to relieve any metabolic burden on the cells and enable the cascade reaction to proceed successfully. An excess of racemic D/Lalanine or isopropylamine (IPA) was also supplied to the whole cell in order to drive the reductive amination to completion. Encouragingly, GC analysis of the reaction mixtures revealed the formation of chiral secondary amine for all keto acids tested. In fact, subsequent analysis indicated that the amine product freely diffused out of the cell into the reaction buffer, which also offers several advantages with regards to biocatalyst recycling and product extraction. 37, 38 Comparison of the different vectors pLH01-08 showed that the best conversions were obtained using plasmid pLH02 (Table 1) . For further details regarding pLH01 and pLH03-pLH08, see Supporting Information. The ee and de values of amine products 4 are consistent with known IRED selectivities for the reduction of imine 3.
5,29
Notably, the product of rac-1e with the reported cascade affords rac-4e with high cisdiastereoselectivity, revealing that CAR and TA can convert both enantiomers of their respective substrates in this case during the course of the reaction. Furthermore, The (R)-IRED has previously been shown to be sensitive to pre-existing chirality in a cyclic imine substrate, possibly due to steric factors between the incoming NADPH cofactor and substrate ring substituents. 5 The stereogenic centre of imine 3e is capable of overriding the inherent selectivity of the IRED and both enantiomers are converted to afford the cis-diastereomers. h to allow full conversion of keto acid substrate, therefore conversion is based on imine:amine:keto alcohol product ratio (absolute conversion to 4a was calculated against a calibration curve using decane as internal standard, conversion to imine and keto alcohol was therefore not calculated for this example). n.d., not detected.
A variety of parameters concerning both protein expression and reaction conditions were investigated, with the following achieving the highest conversion to amine product 4 when expressing plasmid pLH02 in E. coli BL21 (DE3) cells: 16 h protein expression at 20 °C after induction with IPTG (0.8 mM) at OD 600 0.6 in LB growth media, followed by whole cell biotransformations (24 h, 30 °C) using 3 mM substrate in 500 mM sodium phosphate buffer containing glucose (50 mM) and either D/L-alanine (250 mM) or IPA (100 mM). In order to gain further insight into the factors affecting the yield of amine 4 production, a number of optimization experiments were performed using 1a as substrate (for more details see SI). One side-reaction observed was metabolism of the keto aldehydes 2 to the corresponding keto alcohols, which occurred for all substrates using this cascade system (Table 1 ). The mismatch of the kinetics of the first two steps of the cascade appeared to lead to accumulation of the reactive aldehydes 2, an issue that may have been resolved in natural pathways through evolution. 38, 39 The design cycle of the whole cell system provided us with a number of options to increase ω-TA activity, including change of promoter or finding more active transaminases, both of which would require extensive screening.
An alternative way in which Nature amplifies the dosage of a given protein in response to environmental stimuli is through gene duplication. 40, 41 Since gene duplication could boost the slow step, ω-TA conversion of keto aldehyde, this approach was investigated further. A duplicate ATA-117 gene was introduced into the original construct to give an alternate 5-gene plasmid (pLH09) (Figure 2 ) in the second DBTA cycle. Gratifyingly, biotransformations of 1a using cells harboring pLH09 showed a 14% increase in amine production compared with pLH02 (Table 2 ). This gene duplication strategy was also used to circumvent accumulation of the imine intermediate; a duplicate (R)-IRED gene was cloned into the original construct to give a new plasmid pLH10 (Figure 2) . Increasing the expression level of (R)-IRED resulted in even greater improvements with respect to conversion to amine 4 product (up to 93% conversion when keto acid 1e was used) ( Table 2) . Interestingly, the addition of a duplicate (S)-IRED gene into constructs pLH01 and pLH03 also drastically improved the conversion to amine 4a seen for these cascades, increasing the conversion from < 5 % to conversions comparable to those seen for construct pLH02 (See SI). It is thought that an improvement in the IRED step moderates accumulation of the imine intermediate 3,
whilst also driving the ω-TA reaction towards amine 4 production. These results show that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ATA-117 was selected as a suitable alternative to ATA-113 due to previous studies where both transaminases were shown to act on related diketone substrates. 43 In an effort to assess the performance of ATA-117 against ATA-113 in the cascade reaction, keto acid 1a was tested with hybrid cascade conditions using either ATA-117 or ATA-113, with ATA-113 resulting in significantly higher conversions to 4a than when ATA-117 was used (see SI).
This difference in activity between the two transaminase homologs suggests that the lower conversions seen for the in vivo cascade reported here compared with the hybrid cascade 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 described previously can be attributed to the use of ATA-117 rather than an inherent inferiority with using a single whole cell system containing several biocatalysts.
The use of a single whole cell system also allowed for the rapid screening of further, more complex, cascade substrates due to the relative ease of implementing the in vivo system compared with the hybrid cascade reaction. E. coli BL21 (DE3) cells harboring pLH10 were used for the production of bicyclic amine 4f and thiomorpholine 4g from keto acids 1f and 1g, and were subsequently compared with hybrid cascade reactions using either ATA-117 or ATA-113 for the transaminase step (Table 3) . Reactions using ATA-113 again resulted in higher conversions to product amine than their ATA-117 counterparts, whilst systems utilizing ATA-117 (both the in vivo system and the hybrid system) displayed comparable conversions. Conv. to 4g/% [a] in vivo (ATA-117 + MCAR + (R)-IRED) [a] 14 8
Hybrid (ATA-117 + MCAR + (R)-IRED) [b] 13 8
Hybrid (ATA-113 + MCAR + (R)-IRED) [b] 30 30 Finally, optimized reaction conditions using plasmid pLH10 were used in the preparativescale synthesis of (S)-4a and (±)-cis-4e, affording 70 mg of 4a (58 % isolated yield, 30 % ee) and 50 mg of 4e (59 % isolated yield, >98 % de) (Scheme 1), thereby demonstrating the utility and future potential of this in vivo system for the production of chiral amine building blocks at scale (see SI). This work demonstrates that it is possible to design and build entirely de novo biosynthetic cascades into E. coli host cells, with the cells able to meet all cofactor requirements and act as microbial factories for the production of pharmaceutically and industrially relevant chemical scaffolds.
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